Evidence is presented of breakdown through a conductive surface pollution layer on silicone conformal coated boards at much lower voltages than would be expected between tracks through the bulk polymer coating. The preferential breakdown path is governed by the ratio between track separation and the thickness of coating. Finite element analysis has shown that the electric field strength can increase by a factor of ten above a 100 µm silicone coated energised track as a result of the presence of a conductive pollution layer above the coating. Experimental observations also revealed that the conductivity of the pollution does not affect breakdown voltage (when discharging through the pollution layer) for pollution conductivities of 2500 µS cm -1 and greater. These observations are relevant to applications where the surface of coated power electronics boards can become contaminated and are expected to operate at high voltages.
INTRODUCTION
POWER electronics are being designed to deliver higher power densities, often by increasing operating voltages. In the aerospace sector in particular, compacting electronic circuitry to reduce space and weight is a significant goal [1] [2] [3] . Furthermore, the environments in which these smaller, higher voltage systems are likely to operate can be more extreme than those experienced by typical ground level operation and increase the likelihood of electrical failure. There is also a desire to design systems without hermetically sealed housings that have previously offered protection against harmful operational environments to further reduce weight. The resulting exposure to pollutants further increases degradation processes and reduces system lifetime.
Aircraft power electronics experience a wide range of ambient environmental conditions which act to increase the likelihood of failure and affect circuit board lifetime. These include low pressures which can increase the chance of partial discharge, high humidity or condensing/freezing conditions, temperature extremes, and rapid temperature cycling causing thermo-mechanical stressing.
Typically, a protective coating is applied to power electronics boards to improve dielectric performance, reducing the likelihood of failure from the varying environmental conditions. For example, Zhan et al [4] showed that surface insulation resistance is increased with a coating. They also concluded that silicone provided better resilience than acrylic or urethane, highlighting that the choice of polymer is important to the specific application and corresponding dielectric performance. The coatings have to be of high quality and applied to clean boards to achieve optimal protection.
Rathinavelu et al [5] showed solder flux contamination on the board substrate, prior to coating, can adversely influence the coating performance.
Power electronics exposed to the ambient environment can accumulate conductive surface pollution on board coatings. This may be from either splattered machine liquids or the accumulation of atmospheric pollutants combined with condensation.
While such pollutants could chemically degrade the coatings, they will also increase the risk of dielectric failure. Partial discharge typically occurs before breakdown and has been shown to be a predominantly surfacerather than bulk-based phenomenon on boards with good quality coatings [6] . If a conductive layer is placed on the surface of the coating in the region of high electric field, this will usually suppress the surface partial discharge. Thus, breakdown can occur without that form of partial discharge as a precursor [7] which might otherwise leave characteristic damage markers on coated boards [6] .
Few studies have examined the protective properties of conformal coatings on boards subjected to increasingly higher operational voltages when a conductive pollution layer is present on the surface. In a study by Yamada et al. [8] parallel straight track boards with spacings ranging from 0.3 mm to 5 mm were subjected to 50 Hz AC breakdown tests. Both uncoated boards and those coated with a 50 µm layer of polyurethane were tested with and without a layer of salt solution (2% sodium chloride), applied by spraying, in low and high humidity environments. The conductivity of the salt solution and the technique used to apply the polyurethane coating was not reported. Voltage was increased at 200 V s -1 until breakdown occurred. They observed that breakdown strength for a particular gap size on coated boards was not affected by the presence of the salt pollution layer.
The main aim of this study is to examine how the breakdown behaviour of silicone coated boards relates to track spacing at high voltages in the presence of a layer of conductive pollution, and from this, comment on the relevance to increasingly compacting power electronics.
BREAKDOWN MODEL
In related research [6] , tracks separated by 0.1 mm on coated boards were subjected to an increasing potential difference until partial discharges occurred, and then left to age over a period of a week or until a breakdown event occurred. Observations were made of unexpected possible discharge locations that were not on the inner edges of the tracks, which would be the expected location if breakdown occurred through the bulk polymer coating directly between the tracks. These observations prompted the additional investigations reported here. During the aging process, an unidentified black substance (presumed to be ambient aerosol) was observed to accumulate on the surface of the coatings when fields were present ( Figure 1 ). This surface pollution was present on all polymers tested (acrylic, silicone, and parylene); however, the unexpected discharge locations were only observed on acrylic and parylene coatings, which were considerably thinner than the silicone coating. Acrylic and parylene coated samples had coating thicknesses of 60 to 70 µm, whereas the silicone coating was approximately 200 µm.
The observations in Figure 1 have led to a model, illustrated in Figure 2 , to explain how a surface conductive pollution layer could affect breakdown discharge locations. Two discharge paths are shown in this model: one between the tracks-either through the bulk silicone or via the coating-FR4 interface, and another discharge puncturing the coating to propagate via the surface conductive pollution layer. For the latter, the discharge channel occurs between a point on the energised track and extends vertically through the coating to the conductive pollution layer. The electrical resistance in this conductive layer is relatively low. With the pollution now effectively at the same potential as the energised track during this part of the discharge process, the discharge channel subsequently propagates down vertically back through the coating to the other track. While considered as a step-by-step process in the model, this event is likely to occur as a continuous process on very short timescales. This breakdown path could be more favourable if the fields between the track and surface conductive pollution layer are sufficiently higher than those between the two tracks. In other words, this would be when the coating thickness above a track is considerably less than the track gap spacing (d > t in Figure 2 ). This principle should also operate independently of the dielectric polymer coating.
As coating thickness and track separation become comparable (d t), fields horizontally between the two tracks and vertically between the track and surface conductive pollution layer will likely also become comparable, making breakdown more likely between the tracks through the bulk coating and not via the conductive pollution layer. There is also likely to be variability in the breakdown voltage for this geometry due to variabilities between boards; for example, inconsistencies in track sharpness and other microscale factors.
EXPERIMENTAL DESIGN
To test the model outlined in section 2, two parameters were investigated experimentally:
Ratio of track separation (d) to coating thicknesses (t) 2. Conductivity of the pollution layer
Two different board geometries were examined, and in separate tests, three different conductivities of pollution were used. The board design is discussed in section 3.1, the cleaning and coating process in section 3.2, and the testing setup and procedures in section 3.3.
BOARD DESIGN
Two designs of board were used ( Figure 3 ). The board substrates were made of glass fibre reinforced epoxy FR4 with copper tracks. Prior testing showed that only the track separation distance is important in determining breakdown voltage on boards; other geometric parameters, such as the specific general board design or angle of tracks, did not show any influence. The spacings between tracks (d) on the two board types were 0.1 and 0.8 mm, which when similarly coated (with thicknesses of t = 49 to 157 µm), enabled testing of the effects of the ratio of track separation to coating thickness ( Figure 2 ). The board in Figure 3B consisted of repeating angular track sections but was otherwise similar to the board in Figure 3A . Copper tracks were 500 µm wide and 50 µm high above the substrate, with upper and lower corner radii of approximately 30 µm and 12 µm respectively as determined from microscopy of a lateral slice through a sample board. Vias at the end of the tracks allowed for pins to provide an electrical connection with the test circuit. The test boards were commercially manufactured and vacuum packed, and subsequently stored in desiccators (<10% RH) after unsealing and handled with clean latex gloves.
BOARD CLEANING AND COATING
Sample boards were cleaned prior to coating and involved:
 A 5-minute soak in an ultrasonic bath of 0.35% aqueous ammonia solution at 35°C +/-1°C.  Rinsing in deionised water for 5 minutes  Dipping in isopropyl alcohol for a further 5 minutes before being withdrawn at a rate of 60 mm min -1 to ensure even drying.
The coating process involved inserting cleaned sample boards into a container of silicone 1C49LV (HumiSeal®) at a rate of 10 mm min -1 with a dwell time of 10 seconds. Boards were withdrawn at the same rate and cured for 24 hours on a rotating rig (to avoid pooling) in ambient air, before being stored in a clean, low humidity, sealed environment prior to testing. The conformal coating thicknesses measured under microscopy were 49 to 157 µm and are reported with the test results in section 4. Connection pins were masked prior to dip coating and later de-masked. During testing, all coated boards were again handled only with clean latex gloves. Figure 4 illustrates the experimental test circuit. Testing was conducted in a sealed environment chamber at ambient temperature and pressure. A 50 Hz bipolar, sinusoidal AC signal was generated using a Trek 20/20B high voltage amplifier. The applied voltage to the test samples was increased at a rate of 100 V s -1 until breakdown and board failure.
EXPERIMENTAL SETUP AND PROCEDURE
Before testing, conductive pollution was manually applied to a single target location on the surface of the coated boards (across the minimum gap spacing) as shown in Figure 3 . For experiments examining the effects of the ratio of track separation (d) to coating thickness (t) (section 4.1), indiumgallium (a liquid metal at room temperature) was the pollutant used for both board types.
For experiments examining the influence of the conductivity of the pollution layer (section 4.2), a range of pollutants were used on boards shown in Figure 3A . In addition to testing with no conductive pollution layer, ammonium chloride solutions with conductivities of 2.5 × 10 3 µS cm -1 and 3.0 × 10 5 µS cm -1 were used. Indiumgallium was also used as a fourth case, to represent a highly conductive surface pollution, and this has a relatively high conductivity of 1.5 to 3.0 × 10 8 µS cm -1 .
MODELLING SIMULATIONS
Finite element analysis using COMSOL Multiphysics was used to examine the electric fields in a 2D model of the experimental test boards.
Physical test board samples (illustrated in Figure 3 ) were sliced laterally through the narrowest region between tracks and the internal geometry examined under microscopy to assist with accurate reproduction in the model (described in section 3.1). 
OBSERVATIONS AND DISCUSSION

RELATIONSHIP BETWEEN TRACK SEPARATION AND COATING THICKNESS
To help visualise comparisons between boards, Figure 5 illustrates the relative geometries associated with the different track separation and coating thickness ratios, i.e. when d t or d > t. The data in Table 1 reveals that when the track separation was greater than the coating thickness ( Figure 5A ), breakdown occurred via the conductive pollution layer. Figure 6 shows micrographs confirming discharge points above the surface of the tracks connecting with the conductive pollution layer, illustrating it was directly involved in the discharge process. The dielectric strength of silicone is 12.9 kV mm -1 , so it would be reasonable to assume a breakdown voltage of 10.3 kV for a track spacing of 0.8 mm; observed voltages are much lower. The surface pollution is thus influencing the discharge path, and discharge is occurring at much lower voltages than would otherwise be expected at this track spacing through the bulk silicone.
Conversely, for boards where the track separation was comparable to the coating thickness ( Figure 5B ; boards sketched in Figure 3B ), breakdown did not occur through the conductive pollution. It instead occurred between the tracks through the bulk, but not in a location near where the conductive pollution was placed, indicating that the pollution was unlikely to be having a significant influence for this relative geometry. The track separation of 100 µm was up to ~ 2 times greater than the measured coating thickness (55-89 µm) in some samples tested ( Table 1) . Preferential breakdown between tracks rather than through the conductive pollution layer can thus occur for track spacings up to approximately twice as large as the coating thickness at these physical scales. This observation could be accounted for by the small variability in test boards, track spacings, and track edge sharpness as outlined in section 2. It should also be noted that the relatively lower average breakdown voltage when the gap spacing was larger (800 µm relative to 100 µm, Table 1 ) is likely accounted for by the difference in mean coating thicknesses for each board geometry; the larger gap spacing had approximately 30% relatively lower coating thickness.
Yamada et al [8] observed that breakdown strength for a particular gap size on coated boards was not affected by the presence of the applied salt pollution layer. Gap sizes they tested were 300 to 5000 µm, with only a 50 µm polyurethane coating. This geometric configuration (comparable to that in Figure 5A ) was observed here to lead to breakdown through the conductive pollution layer and is thus in contrast. One possible explanation may lie in the difference in conductivity of the pollution layer. This was investigated in subsequent tests presented in section 4.2. Table 2 shows the effects on breakdown strength of different pollution layer conductivities. Silicone coating thickness-which has been shown to strongly influence the breakdown voltage [6] -varies between samples, so the mean electric field associated with breakdown has been calculated from the means of ), as expected given that breakdown was observed. The data clearly shows that the presence of a conductive pollution layer substantially reduces the mean breakdown voltage for this geometry (d > t). Furthermore, the conductivity of the pollution greater than the minimum value used (2.5 × 10 3 µS cm -1 ) has no influence on the resulting mean electric fields associated with breakdown (breakdown voltage for a given coating thickness). Often for real-world manufacturing applications, minimum values are favoured in a statistical sample, as they represent the weakest link. Considering minimum values in Table 2 , the presence of a conductive surface pollution layer substantially reduces the minimum breakdown electric field with no obvious trend relating to the electrical conductivity of the pollutant.
POLLUTION LAYER CONDUCTIVITY
During breakdown, when testing with ammonium chloride solution, the brief discharge caused the liquid to boil. This provided clear visual evidence that the discharge is propagating through the pollution, particularly as, again, only two discharge points above the track were typically observed under postdischarge microscopy. An image sequence, taken from video footage, illustrates the discharge process through the pollution (Figure 7 ).
It is not clear why other research has not observed the presence of conductive pollution affecting breakdown strength and the importance of this in the design of printed circuit boards (even though this is arguably a relatively obvious and expected conclusion). A 2% sodium chloride solution was reportedly used by Yamada et al. [8] , assumed to be by mass; however, the corresponding conductivity was not reported. Measurements were thus taken in this study of the conductivity of a reproduced solution, yielding 3.33 × 10 4 µS cm -1 . This conductivity value is above the minimum used here, and thus would be expected to behave consistently with the data presented. It is also unlikely the specific pollutant could account for the discrepancy given that ammonium chloride used here is very similar to sodium chloride, and the results are consistent even for indium-gallium alloy. Details of the breakdown locations on their boards were not reported along with the relative strengths of materials used to indicate possible alternative sources of weakness on test samples. In summary, the evidence presented here demonstrates that the presence of a surface conductive pollution layer can reduce breakdown strength.
MODELLING SIMULATIONS
In addition to the experimental observations, simulations using finite element analysis were conducted to further understand the experimental observations and the breakdown model hypothesis outlined in section 2.
The relative geometries illustrated in Figure 5 were simulated using board geometries described in section 3.1. One track was energised to 8.5 kV (the maximum voltage observed in Table 1 ) and a 100 µm silicone coating was assumed.
Gap spacings simulated were 0.1 and 0.8 mm, and the substrate was FR4, , Figure 5) . Minimum values highlighted in red. with an air-filled ambient environment. The conductive pollution was modelled to be comparable to indium-gallium. An electrostatic simulation was conducted to represent the peak fields in an AC voltage waveform. The conductive pollution layer was set in the model to be a conducting layer, which in electrostatics involves setting the surface to have a very high permittivity; the absence of an electric field within the layer indicates simulations produce realistic results. Figure 8 shows the resulting electric fields simulated for various configurations. Figure 8A and Figure 8B show the fields for the two relative geometries in the presence of a conductive pollution layer, whereas Figure 8C and Figure 8D are the equivalent geometries but without a pollution layer. Comparing Figure 8A and Figure 8C , the conductive pollution layer increases the electric fields in the polymer coating above the track, making discharge towards the conductive pollution more likely.
Pollution conductivity (µS cm
Electric field strength is increased by approximately an order of magnitude in this region in the presence of the pollution. Comparing Figure 8A and Figure   8B , reducing track separation for a fixed coating thickness increases the electric fields between the tracks to ever more comparable magnitudes, making discharge between the tracks more likely.
The simulations broadly support the experimental observations and visually highlight the significance of a conductive pollution layer in determining the local fields and hence the likelihood of a given breakdown path.
The simulations, in line with the observations, were conducted with a fixed track corner radius in each case. Reducing track radius increases the peak electric field strength and could have a significant impact on the preferential breakdown path and should be considered in any application of these findings.
Industry standard IPC-2221A [9] recommends minimum conductor spacings for external conductors with a permanent polymer coating (case B4). For the track separation distance of 0.8 mm on experimental test boards here, the maximum recommended voltage is 500 V, which is considerably lower than the values being applied that lead to breakdown (up to approximately 10 kV). Adherence to this standard will thus avoid failure via a conductive pollution layer. Future endeavours to increase power densities, increase operational voltages, and remove protective housing may make systems more susceptible to the effects of the presence of conductive pollution layers.
SUMMARY AND CONCLUSIONS
Experiments have been conducted to examine how a surface conductive pollution layer affects breakdown discharge locations on conformal coated circuit boards operating at high voltage. A model is proposed to highlight an alternative breakdown mechanism and pathway, whereby discharge between tracks occurs via the conductive pollution layer, rather than through the bulk polymer. Experimental tests demonstrated clear evidence that breakdown could preferentially occur via this conductive pollution layer, and showed that the ratio between coating thickness and track separation governs the likelihood of breakdown via this pathway. When track spacing is comparable to the coating thickness, within a factor of approximately 2, breakdown preferentially occurred between the tracks through the dielectric coating, with the presence of a conductive pollution layer showing no influence. When track separation was considerably greater than the coating thickness, breakdown occurred preferentially via the conductive pollution layer, and at much lower voltages than would have been required for breakdown through the bulk silicone coating between tracks. Finite element analysis simulations showed an order of magnitude increase in electric fields within the bulk silicone coating directly above the tracks in the presence of a conductive pollution layer, increasing the likelihood of discharge via that path. The conductivity of the surface pollution layer was shown to have no influence on the breakdown voltage (when discharge occurred through the pollution) for pollution conductivities of 2500 µS cm -1 and greater. The observations presented of breakdown via a surface conductive pollution layer on conformal coated power electronics boards are relevant to industries where the surface of boards can become contaminated. Industry standards dealing with track spacings are sufficient to account for breakdown via this mechanism. When track spacings are reduced to be comparable to the applied coating thickness, the breakdown mechanism becomes less likely to be via the pollution layer and instead through the coating between tracks. 
